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I e n i j i t y , P » v i s c o s i t y , Q , and conductaiiot,A.i&ea8uro-> 
Bents of laolttn Zn{m^)^,6»21ii2<i - KlClg, ZniSOj^)2*^*3'5i'^2^" 
4.IH2O - Cu(K0j)2.2.92h20» and 0d(li0j)2.4.1li20 - MClg 
By£3t«ise verv i&ade as functions of temper'^ture and oosipOBi-
t i o n . ) The eoXubi l l t iee of tiie eolutea used in t h e i r r e s -
pect ive stolvente have been discussed* The f l u i d i t y , ^ 
(« ^ ) and equivalent conductance data were leas t -oquareo 
f i t t e d to the equationB YCJ^. /L) » AyT exp -ky/(T-T )j and 
^(j<»/ ) •• A^  © '^P I -ky/CV - V^)i based on the free volume 
model and to Y{4»/\ ) o Agv «xp I -k^y/T ln(T/T ) | based on the 
conf igurat ional entropy model, A^, k^f T^t Aj , icj, V^, 
Apy, and koy are erapirical parazaetera, 7he oompoaition 
dependence of ti.etrie parai:«etoro haa been discussed atid the 
therEiodynamic nature of T and V hae been emphaaized. Ihe 
l i n e a r dependences of T , V , ^2^* o^ d^ Ay tercse on compo-
isition and tiio constancy of K^ cmd k^y tenaa have been 
examined. In the case of ^n(I^iu,)2.6,35^2^ •" Ca(XJO )^ 2»4,1 
HgO i:;eit8 the t^olar volurse, V , the i n t r i n a i c voluiae, V , 
and the ^ lasa t r a n s i t i o n t e c p e r a t u r e , T were found to ahow 
addi t ive nature and tm dyate&i i a coneidered to be an 
alaioat i d e a l one. The composition-dependence of t r anspor t 
i^ropertieo of V<k{UQ^)2*4,Mi2^ " iiiClg BieitB h>%s been ex-
plained in the xitiht of an iaotherEial equat ion Y(^,A-) « 
(A^y- i^ yXOX"*'' exp j -ky/v^^ (w - lO ! baaed on the free 
9 
•oluca model.w^.» la the negative slope of the plot of A~ 
veraus ooiiipoaltion» U belong In mole per cent* A ^ ^^ the 
value of Ay for pure aolvent. x^ y ^^ the elo^e of X versus 
1^  plotis and H i s a conotant known as the g lass transi t ion 
oocpoeition. Considering the inabi l i ty of the above equa-
t ion to explain the oompOBition dependenoea of transport 
prooessea in rest of the eyetems under study» an isentropio 
equation baeed on the confi^^urational entropy model which 
i s of the type 
has been proposed, c utenA'J for conatant T/T values and 
A Y» w«Y* ^2v ^ ^ 2^Y ^^ '^ '^ ^ the ir usual s ignif icanoes , ^Q/^) 
ia the value of T for pure solvents . The equations* 
A^|« A^  exp[B^/(r -T^)] . /V |« Ag expJ^BgAV-V^)] , and 
y^r) • ^^  have been employed for ta© representation of AY) 
product aa a function at toiuuerature for a l l tiie raeits 
otudied. A^ » a^, A2* and B^ ^t-e eiupiricsil parasQeters* 
n denotes th^ ratio of activation energies for v i s cos i ty and 
conductancef K-»i/B^  and i s aivaye found to be greater than 
unity. The posi t ive value of S^ i^ sugi^esto further that 
the £ j \ ^ , at a particular teaperature, lioreover* an 
atteiiapt has been isstde to apyly the environ£.ental relaxation 
DOdel for explaining the te£&perature dependence of v i s cos i ty 
and conductance of the molten aystems under invest igat ion . 
The g lass transit ion tempearturea, T computed froB the 
3 
fr«e ToIu&G, the configuratlonal entropy« and the environcental 
relaxation inodolo have been found to b« in good Q£;reeiaent« 
The activation ener(^ies, Ej and Ky obtained :from thee* models 
are also comparable* On the basis of the oonfi^urational 
entropy and the envlronciental relaxation modele i t has been 
concluded tiiat the relaxiii^ apeoies takln^; part in viaooua 
and oonductafuje tlxi'^& rr.ay be aace while the difference in 
the act ivation energies encountered duriir\g theee proceasee 
cay be due to the different a v a i l a b i l i t i e s of the epeciea 
for relaxation in the two kinds of flov* 
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A B S T R A C T 
Density,/^, viscosity,11 , and conductance,A measure-
ments of molten Zn(NO,)2.6.27H20-NiCl2, Zn(NO,)2.6.33H20-
Cu(NO^) 2. 2.92H2O, Zn(N0^)2.6.33H20-Ca(lf0^)2.4.1H20, Ca(N0^)2. 
4.1H20-Cu(]!fO^)2.2.92H20, and Cd(NO^) 2-4.1H20-NiCl2 systems 
were made as functions of temperature and composition. The 
solubilities of the solutes used in their respective sol-
vents have been discussed. The fluidity, ^{= l/v^ ) and 
equivalent conductance data were least-squares fitted to 
the equations Y (^,A) = AyT"^'^ exp f- ky/(T-T^)] and 
Y (j^ ,A ) = kl exp f- ki./(V-V )1 based on the free volume 
model and to Y (^ ,A ) = A2Y exp r-k2Y/T In (T/T^)l based on 
the configurational entropy model. Ay, ky, T , A^, k^, V , 
A2Y» a^ d k2Y are empirical parameters. The composition 
dependence of these parameters has been discussed and the 
thermodynamic nature of T and V has been emphasized. The 
linear dependences of T , V , A2Y> a^ d Ay terms on compo-
sition and the constancy of ky and k2Y terms have been 
examined. In the case of Zn(NO^)2*6.33H20-Ca(NO,)2*4.1H2O 
melts the molar voliime, V_, the intrinsic volume, V^, and 
' m o 
the glass transition temperature, T were found to show 
additive nature and the system is considered to be an 
almost ideal one. The composition dependence of transport 
properties of Gd(NO,)p,4.IHpO-NiClp melts has been explained 
in the light of an isothermal equation Y (j^ ,A ) = 
(A^y- Q^YN)T~^/^ exp r-ky/Q2(N^- N)] based on the free volume 
model. Q.y i s the negative slope of the p lo t of Ay versus 
composition, N being in mole per cent . A y i s the value 
of Ay for pure so lvent . Q2 i s the slope of T versus N 
plots and N is a constant known as the glass transition 
composition. Considering the inability of the above equa-
tion to explain the composition dependences of transport 
processes in rest of the systems under study, an isentropic 
equation based on the configurational entropy model which 
is of the type 
Y (ji(,A) = (A^y- Q^yN) exp r-k2Y/(To^Q)+ Q2YN) C In cj 
has been proposed, c stands for constant T/T values and 
A y , Qiy» 1^ 2Y» ^^^ *^ 2Y ^ "^^ ® their usual significances, 
T / \ is the value of T for pure solvents. The equations, 
AY[= A^ exp[B^/(T-T^)J ,A^= A^ exv^B^/iY-Y^)j , and A""^ = ^ 
have been emplayed for the representation of A^ O product as 
a function of temperature for all the melts studied, A., 
B., Ap, and Bp are empirical parameters, n denotes the 
ratio of activation energies for viscosity and conductance, 
B-n/^ aaid is always found to be greater than unity. The 
positive value of £»« suggests further that the B / ^  Ej^ at 
a particular temperature. Moreover, an attempt has been 
made to apply the environmental relaxation model for ex-
plaining the temperature dependence of viscosity and con-
ductance of the molten systems under investigation, I'he 
glass transition temperatures, T computed from the free 
volume, the configurational entropy, and the environmental 
relaxation models have been fo\ind to be in good agreement. 
The activation energies, Bvi and E^ obtained from these 
models are also comparable. On the basis of the configura-p 
tional entropy and the environmental relaxation models it 
has been concluded that the relaxing species taking part in 
viscous and conductance flows may be same while the differ-
ence in the activation energies encountered during these 
processes may be due to the different availabilities of the 
species for relaxation in the two kinds of flow. 
G E N E R A L IN T R 0 D U C T I O N 
2 
In the absence of crystallization liquids by-pass 
their melting points on cooling and become supercooled. 
Therefore, all the liquids may supercool depending upon the 
crystallization kinetic constants and rate of cooling. The 
important crystallization, constants which mainly determine 
the ability of a liquid to supercool are the energy barriers 
to nucleation in the absence of a foreign nucleus and to the 
grovth of the finite crystal. Further cooling of a super-
cooled liquid results in a phase chsinge at a characteristic 
temperature, T known as the glass transition temperature 
which is well below the freezing point of the liquid. This 
temperature provides a better and meaningful corresponding 
temperature scale for the study of fused salt properties, 
particularly transport properties. The occurrence of such 
a phase transition has also been emphasized on the basis of 
thermodynamic considerations in order to avert an entropy 
paradox suggested by Kauzmann. According to this paradox 
the entropy of a supercooled liquid decreases with decreasing 
temperature at a higher rate than that of the crystalline 
phase and at considerably low temperatures a state may be 
reached where the entropy of the liquid becomes less than 
that of the cirystal. This is contrary to the thermodynamic 
principles and a transition to the amorphous phase occurs 
accordingly thereby letting the entropy of the glasses slightly 
higher than the crystals. Moreover, abrupt changes in heat 
capacity, expansion coefficient, and compressibility have 
3 
been fowad to occur at this transition state. 
Such, a glass transition is accompanied by a very high 
13 increase in viscosity to the order of 10 poise and decrease 
in conductance to almost zero. Consequently, viscosity and 
conductance measurements of supercooled liquids including 
melts as function of temperature helped in understanding the 
theories behind viscous and conductance flows. This also 
helped in visualizing the value of T for a particular liquid 
in terms of another term known as secondary glass transition 
temperature, T . The value of T has generally been found 
to be about 10 to 20° less than the experimentally determined 
value of T due to the fact that it is hardly be possible to 
fabricate gin experimental technique with infinitely slow rate 
of cooling. 
Therefore, viscosity and conductance measurements of 
molten salt systems as functions of temperature and composi-
tion have been made here. The systems studied include the 
binary mixtures of anhydrous nickel chloride, copper nitrate 
trihydrate, and calcium nitrate tetrahydrate with zinc nitrate 
hexahydrate, copper nitrate trihydrate with calcium nitrate 
tetrahydrate, and of anhydrous nickel chloride with cadmium 
nitrate tetrahydrate. Hydrated melts were used mainly due 
to their analogy with the anhydrous melts, having hydrated 
cations as a fundamental component and to their easily super-
cooling tendency. Moreover, the hydrated melts allow the 
4 
exploration of their properties at relatively lower tempera-
tures than those in the corresponding anhydrous melts owing 
to their low liquidus temperatures. The applicability of 
2 "5 
the free volume, configurational entropy, and environmental 
relaxation models in explaining the temperature dependence 
of transport processes of the systems under investigation has 
been examined in detail. Attempts have also been made to 
describe the composition dependences of such processes in 
terms of analytical expressions. 
E X P B R I M E N T A L T E C H H I Q U B S 
6 
Preparation of anhydrous nickel chloride 
5 Anhydrous nickel chloride was prepared from the 
recrystal l ized hexahydrated sa l t using purified thionyl 
chloride^ (Riedel). 
In order to remove the acid contaminations from 
commercial thionyl chloride, it was first fractionated from 
quinoline in glass apparatuses. The receiver was protected 
from the entrance of moisture by using a drying tube filled 
with calcium chloride. The distillate was then refractiona-
ted from linseed oil and the fraction boiling at 76-78 cwas 
collected as pure thionyl chloride boils at 77 /760 mm, and 
was stored in a glass stoppered bottle. 
The recrystallized and finely grounded nickel chloride 
hexahydrate was taken in a round bottom flask and freshly 
distilled thionyl chloride was added at room temperature. 
Sulphur dioxide and hydrogen chloride gases evolved at once. 
NiCl2.6H20 + 6 SOGI2 — > NiCl2 + 6 SO2 + 12 HCl 
When they cease to evolve the slurry was refluxed for two 
hours in the same flask equipped with reflux condenser. It 
was then distilled and the excess thionyl chloride was 
removed in vacuo using a dry nitrogen bleed. The remaining 
thionyl chloride was further removed by keeping the flask 
containing the product over-night over KOH in a vacuum 
desiccator. The anhydrous nickel chloride thus obtained was 
transferred to a suitable container. 
7 
Prepara t ion of Samples 
Commercial z inc n i t r a t e hexahydrate (BDH; m.p. 
3 6 , 4 ° ) , calcium n i t r a t e t e t r ahydra t e (BDH; m.p, 42 .7° ) , 
and cadmiTim n i t r a t e t e t r ahydra t e [^ RBACHIM (USSR); m.p. 
59.4°] were used as solvents in t h e i r molten s t a t e . Binary 
molten mixtures of Zn(NO^)2.SHgO + Ca(NO^)2.4H2O, Zn(N0^)2. 
6H2O + Cu(N0^)2.3H20, Zn(NO^) g. 6H2O + NiCl2, Ca(NO^) 2.4H2O 
+ Cu(N0,)2.3H20 and Cd(WO^)2.4H2O + NiClg were prepared by 
the addi t ion of corresponding so lu tes to the above so lven t s . 
The common technique employed for the sample prepara t ion was 
by taking weighed amounts of appropr ia te solvents in severa l 
t i g h t l y capped g lass tubes immersed in the thermostated 
g lycero l bath maintained at temperatures~10 above the 
melting po in t s of r espec t ive so lven t s . Required amounts of 
the so lu tes were then added to the molten solvents in order 
to get the mixtures of appropr ia te concentra t ion . Bach 
mixture was heated for severa l hours u n t i l homogeneous 
so lu t ion was obtained. 
The maxim\im s o l u b i l i t i e s of anhydrous n icke l ch lo r ide , 
calciiom n i t r a t e t e t r a h y d r a t e , and copper n i t r a t e t r i h y d r a t e 
were foujid to be about 33, 100, and 30 mole per cent , r e s -
p e c t i v e l y . On the o ther hand, molten cadmium n i t r a t e t e t r a -
hydrate appears to d isso lve about 12 mole per cent of 
anhydrous n icke l chlor ide while the s o l u b i l i t y of copper 
n i t r a t e t r i h y d r a t e was found to be ~ 2 4 mole per cent in 
molten calcitim nitrate tetrahydrate. All these maximiim 
solubilities, were of course, foimd at the fixed temperature 
of the glycerol bath. 
Determination of vater content of the hydrated salts 
The exact waters of crystallization of all the hydrated 
salts were determined before using them in sample preparation, 
The method employed for this purpose in the cases of hydrated 
salts of calcium nitrate and cadmium nitrate was by the 
7 8 
comparison of measured densities with the reported * density 
2+ 
versus composition data. Both the ratios, HgO/Ca and 
2+ HpO/Cd were thus determined t© be 4.1 whereas in the cases 
of hydrated zinc and copper nitrates the water contents were 
estimated rolumetrically" using a standard solution of BDTA 
2+ 
as titrant. The values of the ratio, HpO/Sn were found to 
be 6.33 and 6.27 for the two samples of hydrated zinc nitrate 
2+ taken from different bottles while that of HgO/Cu was found 
to be 2.92, The accuracy of such a volumetric analysis was 
2+ 
checked by taking hydrated calcium nitrate of known HpO/Ca 
ratio and was foxmd to be within + 0.01. 
Temperature control 
In order to maintain a tmiform and constant tempera-
ture while recording the data and also during sample pre-
parations a thermostated glycerol bath was used. It consists 
of a heating coil (250 W), stirrer, check and contact thermo-
9 
meters[TGL 4850 NAV = 0.03A Un = 250V (GDR)],all of them 
immersed in a large corning glass container of glycerol, 
A relay[jumo-type NT 15.0, 220V "^^  1 5A (Germany) j was 
used to control the fluctuations in temperature. The over-
all temperature stability of the bath was within +0.1 , 
Density Measurement 
A pyknometer with graduated stem of 0.01-ml divisions 
and having a capacity of approximately 5.0-ml was used for 
density measurements. The grad'&ated stem of the pyknometer was 
calibrated by using pure quinoline (Riedel) whose densi-
ties are known as a function of temperature. The quinoline 
was purified by drying and distilling over anhydrous 
calcium chloride (pure quinoline has b.p, 218 C), The total 
volume of the pyknometer as well as the exact volume 
between the two successive divisions of the graduated stem 
were thus determined. The molten salt sample was then 
transferred to the calibrated and weighed pyknometer with the 
help of a vacuum pump. The weight of the pyknometer was 
again noted and by the difference in weights the exact amount 
of the melt taken in the pyknometer was known. The pykno-
meter was then immersed in the thermostated bath and the 
volume changes were recorded as a function of temperature. 
From these volume changes the densities, molar volumes, and 
coefficient of expansion for the molten salt sample were 
computed at all the required temperatures. 
10 
Viscosity Measurement 
The viscosities of melts were determined with the 
help of a Cannon-Uhbelohde type viscometer. This visco-
meter consists of a receiving, measuring, and an auxiliary 
tube arranged parallel to each other to form the suspended 
level arrangement in triangular fashion (Figure la). The 
receiving and measuring tubes form a 'U' through a bulb D. 
Bulb A and another fiducial bulb B slightly below the former 
were sealed to the measuring tube. Two fiducial marks, a 
and b on the bulbs A and B, respectively were used for 
recording the efflux time. The auxiliary tube was sealed 
to the measuring tube through a bulb C. There lies a capi-
llary of appropriate length and diajneter between the bulbs 
B and C, The effect of acceleration due to gravity was 
minimized by aligning the centres of gravity of all the 
three bulbs A, B,and C in vertical position. Moreover, the 
dimensions of the viscometer were fixed in such a way that 
the efflux time for water was above 80 sees in order to 
minimize the experimental errors. The viscometer constant 
of the present viscometer was found to be 6.26 cSt/sec and 
the special feature of such a suspended level viscometer are 
that the transport of momentum was carried out freely under 
the weight of the total volume of the test liquid. The 
capillary effects of the two liquid surfaces were neutralised 
by each other so that the surface tension correction for the 











Capi l lary tube 
B 
FIGURE 1 ( A ) . C A N N O N - U B B E L O H D E TYPE VISCOMETER 
( B ) . C A P I L L A R Y - T Y P E CONDUCTIVITY CELL 
12 
The viscosity measurements were made by clamping the 
viscometer in a vertical position in the thermostated bath 
and then filling with a required amoujcit of the liquid. 
The volume of the test liquid taken in the viscometer 
was sufficient enough so that no air bubble enters into 
the capillary tube during the course of transfer of the 
liquid to the fiducial bulb B. The open ends of the visco-
meter were connected through rubber tubings to the dry 
calcitun chloride tubes in order to avoid the absorption of 
atmospheric moisture by the sample. Now the viscometer 
containing the sample was allowed to stand in the thermo-
stated bath for about 30-40 minutes in order to attain 
the thermal homogeneity. The thermal fluctuations were 
further minimized by connecting the heater to the relay 
through a dimmerstat which helps in controlling the heat-
ing rate by adjusting its output voltage. The sample 
was then sucked into the bulb A with the help of a vacutim 
piimp and allowed to stand there for about 40 minutes by 
closing the openings of the calcivim chloride tubes with 
rubber corks. The rubber stoppers were then removed from 
the tubes and the time of fall of the melt from the upper 
fiducial mark 'a' to the lower mark 'b' was noted for 
three or four times with the help of a stop-watch. The 
mean time of fall at a set temperature was thus recorded. 
In a similar way, the times of fall of the reference 
13 
liquid, pure and diy quinoline were also recorded at 
the corresponding temperatures. The viscosity of the 
melt was then computed using an expression given in the 
appendix A. Overall accuracy of the viscosity measure-
ments by suspended level principle was estimated to be 
better than + 2.5 per cent. 
Conductance Measurement 
A Philips model PR 9500 conductance bridge and 
12 13 
capillary-type cell * of high cell constant was used 
for the conductance measurements of the molten salt mix-
tures. The capillary-type cell (Figure 1b) was constructed 
by sealing two platinum foils each having an area of*--'0.25 
2 
cm to the ends of two different corning glass tubes. 
Platinum wires were further sealed to these two platiniua 
foils which serve the purpose of making electrical contacts. 
These two independent electrodes can be properly fixed 
into the two limbs of a 'U' shaped coming glass tube 
having a capillary at its lower part. The cell constant 
of the cell was determined accurately using a decinormal 
KCl solution and was found to be 758.50 cm"* at 25 C. 
The electrodes were removed from the two limbs and 
the melt was transferred to the 'U* tube. The electrodes 
were then replaced into the limbs of the capillary cell 
so that the platinum foils may dip into the melt. Pre-
cautions were taken to remove any air bubble sticking to 
1 4 
the surface of the electrodes or in the capillaiy. In 
order to avoid absorption of moisture by the sample during 
the conductance measurements the platintim electrodes were 
fixed airtightly into the limbs through glass joints. Nov 
the whole arrangement was suspended in the thermostated 
bath and the electrical connections between the conducti-
Tity bridge and the cell were made using copper wires, 
Resistances of the samples were recorded as a fimction of 
temperature after the attainment of thermal equilibrium 
and the equivalent conductances were computed (Appendix B), 
Density, viscosity, and conductance measurements 
were all made in a descending order of temperature. 
C H A P T E R I 
Temperature and Composition Dependences of Transport 
Properties of Glass-Forming Melts - The Free Volume 
Model and the Isothermal Equation 
16 
Introduction 
The temperature dependence of viscosities of liquids 
as well as melts at higher temperatures were generally des-
cribed by the Arrhenius equation 
'\= k expfB/RT 1 (1) 
14 
Batchinski, on the other hand, showed that the vis-
cosity of liquids is governed by the free volume rather than 
the temperature, although free volume is a function of tempera-
ture. The free volume per molecule, v- was defined as 
v^ = ? - v^ 
where v is the average volume per molecule in the liquid and 
V is the van der Waal's volume of the molecule. High visco-
sities of liquids having low free space was interpreted by 
1 5 Macleod due to an increase in the cohesive forces between 
the molecules. The important role of free vol\ame in the 
1 fi 
molecular transport was also envisaged by Frenkel and 
17 Byring et al, in their 'hole' theories. According to Fox 
1 fi 
and Flory the glass transition is a consequence of the 
decrease of the free vol\ime of liquids below some critical 
19 
value. Recently, Hildebrand suggested an alternative 
expression for viscosity which is essentially a modified form 
of the Batchinski equation and is of the type 
J2( = i = B (^4-^0) (2) 
where, ^ is the fluidity,tithe viscosity, V the molar volume, 
and B is a constant, V is the volume at which the molecules 
J7 
are so closely packed as to prevent viscous flow and is termed 
as the intrinsic vol\ime. 
However, all the above explanations based on the free 
volume concept were found to be applicable only to unassoela-
ted liquids or to liquids and melts at higher temperatures 
as is the case with equation (1). They all fail to describe 
the transport behaviour of liquids and of molten salt systems 
at low temperatures or, in general, those of supercooled 
liquids which show non-Arrhenius behaviour. 
20 In order to account for this, Doolittle in the early 
years developed an empirical free volume equation of the form 
5^  = A exp [^  -"b^ o/Vf 1 
where A and b are empirical constants, v the limiting specific 
volume of the liquid at 0°K and v^ the free volume. The 
above equation may be modified to 
Y (j^ ,A ) = A^ exp [- k^/CV - V^ )J (3) 
where Ai and kL are empirical parameters and V is the 
21 intrinsic volume, Williams, Landel, and Ferry have also 
shown that the relaxation times for a large number of glass-
forming substances are described by the Doolittle type 
equation in the glass transition region and considered the 
free voluiae as 
^f = "g [0.025 +oC(T - T )1 
where v is the volume at the glass transition temperature, 
T andoCis the difference between the thermal expansion g 
coefficients of the liquid and the glass. 
IS 
Theoretical fouadatioa to the ahore empirical equation 
2 
was laid by Cohen and Tumhull, According to them, a liquid 
is composed of simple spherical molecules behaving like hard-
spheres and the molecular transport in liquids is due to the 
diffusive displacement of molecules moving with gas kinetic 
velocity, u into the voids having a size greater than some 
critical value. The formation of voids takes place owing to 
the fluctuation in the density of molecules which are confined 
most of the time to a cage bounded by their neighbours. The 
critical size is assumed to be equal to that which is just 
enough to allow a neighbouring molecule to jump into the 
position vacated by the displacement and this prevents the 
return of the first particle. The diffusion coefficient, D 
was considered to be proportional to the probability of find-
ing such a void of critical size adjacent to a given particle 
which in turn is an exponential function of the ratio of 
critical void volume to the total free volxuae. The diffusion 
coefficient, D was accordingly represented by the equation, 
B s g a u exp( - YvVv^ ) (4) 
where u is the gas kinetic velocity, g is a geometric factor 
having a value of'^1/6, a the jump distance and is approxi-
mately equal to the molecular diameter, Y the factor for 
correcting the overlap of free volume, and v- is the total 
free voltuae. Substituting the values of u = (3kT/m)'^^ and 
v^ » oCvJ^T - T^) in equation (4), we obtain 
13 
D = g a (3kT/m)^2 exp f - YrVoC T^^CT - T^)] (5) 
k i s the Boltzmaa cons tant , a I s the molecular mass^oC I s 
the mean thermal expansion coef f ic ien t i n the temperature 
rsuage T to T , v i s the mean molecular volume derived from o ' m 
the molar volume and T i s the temperature ahove which the 
o 
free volume begins to appear. Equation (5) can he written 
as 
D = AT^^ exp r-k/(T - T^)] (6) 
where A = g a (5k/m)^^ and k = "^vVc^Vj^. Now i f T^ - > O^ K 
or T ^ T , equation (6) heeomes equivalent to the expression 
of r a t e theo iy . But i f T > 0®Z, i t follows tha t the probabi-
l i t y of molecular motions decreases rapid ly as T i s approach-
ed from above and the l iqu id w i l l become r i g i d t.*e.will t ra j i s -
form to a g lass i n the v i c i n i t y of T i f c r y s t a l l i z a t i o n 
does not occur. 
22 
Angell transformed the Cohen and T u m b u l l ' s expre-
ssion for molecular d i f fus ion i n l i q u i d s (equat ion 6) in to 
t h a t for o the r t r anspor t p rope r t i e s such as f l u i d i t y and 
equivalent conductance by making use of Stokes-Binste in and 
23 Nemst -Bins te in r e l a t i o n s . Such an equation i s of the form 
T ( j!f,A) = AyT-^2 g^p J^-ky/(T - T^^ )] (7) 
where Y stamds for the f l u i d i t y , ^ or equivalent conductance, 
A . A and k are the pareimeters c h a r a c t e r i s t i c of the t r a n s -
por t processes and the chemical system whereas T i s a cons-
t a n t c h a r a c t e r i s t i c of the chemical system alone a t constant 
20 
ex te rna l pressure and i s a lso coined as ' ze ro -mobi l i ty ' 
temperature below which, no fur ther change in i n t e r n a l energy 
by means of rearrangement of p a r t i c l e s in to configurat ion of 
lower energy i s p o s s i b l e . 
Normally, the product of v i s cos i ty €tnd equivalent 
conductance (Walden's p roduc t ,A^) i n melts was found to 
vary with temperature tmlike the cases i n ordinary l i q u i d s . 
Such a dependence of Walden product on free volume and 
temperature may be v i sua l ized through the equations (7. ) and 
(3) and expressions of the form 
A \ = A^  exp[B^ / (T - T^)j (8) 
and 
A ^ = A2 exprB2/(V - \)j (9) 
were developed, ^* ^ A. , B . , A^iand B^ are a l l empir ical 
cons tan t s . 
Moreover, i t i s important to note and descr ibe the 
composition dependence of t r anspor t behaviours of molten 
s a l t systems i n which the t h e o r i e s of d i l u t e e l e c t r o l y t i c 
so lu t ions f a i l to hold good. For t h i s purpose, Angell 
transformed equation (7) in to an isothermal form by assuming 
A and k as composition independent smd by accoimting for the 
l i n e a r v a r i a t i o n of T with concentra t ion . Such an i s o t h e r -
o 
mal equation i s of the form 
Y (j^,A) = kyT'^^ exp [ -K/Q (N^ - N)] (10) AyT" ^ f-ky/Q H !
21 
where Q is the slope of the linear plot of T versus compo-
sition, N and N is the characteristic composition at which 
the isothermal temperature, T becomes the glass-transition 
temperature of the system. However, the pre-exponential 
factor, A has been fotmd to vary considerably with composi-
tion in a variety of molten salt systems »^ -'» '" ^  and, 
therefore, a detailed study regarding this is necessary. 
The applicability of the above equations (5) and (7) 
based on the free volume model in explaining the temperature 
dependence of the measured transport behaviours of the systems 
under investigation has been examined. The significance of 
the empirical parameters is emphasized. Squations (8) and 
(9) have been employed to describe the temperature dependence 
of the Valden product. An attempt has also been made to 
analyze the composition dependence of transport processes. 
22 
Results and Discussion 
Ca(N0,)2.4.1 HpO has been found to dissolve upto 
100 mole per cent in molten 2n(N0,)2.6,35H20 and the molar 
vol\imes have been found to be additive in this system show-
ing an almost ideal behaviour. Calcium ions have lower 
charge/radius ratios compared to zinc ions and therefore 
addition of calcium nitrate tetrahydrate to molten Zn(N0,)2* 
6.53H2O may not alter the water of hydration present in the 
2+ 
coordination sphere of Zn ions as were the cases by addi-
+ 28 
tion of K ions to molten calcium nitrate tetrahydrate. 
This may acco\int for the partial ideal behaviour of the 
Zn(N0^)2.6.33H20 - Ca(NO^)2.4.1 H2O melts. 
On the other hand, the difference in solubility of 
anhydrous NiCl2 in molten 2n(N0,)2.6.27H2O and Cd(N0,)2. 
4.1 H2O and the non-ideal behaviour of these molten mixtures 
may be viewed through the presence of associated species, 
Substajitial evidence has been found for the presence of asso-
ciated species like MNO,"*", where M = Ca^ "*", Zn^ "^ , Cd^ "*" etc. 
•50 in hydrated melts of their nitrates.-^ Addition of these 
anhydrous solutes to the above hydrated melts appears to 
facilitate the formation of the MNO, species through the 
dehydration of an equivalent amount of hydrated cations of 
the melt in accordance with the view suggested for liCl or . 
"51 CiSCl added to molten calcium nitrate tetrahydrate. The 
maximum solubility of these chlorides may refer to the opti-
23 
mxm concentration of MO^"*" species obtainable by the dehyd-
ration. Therefore, qualitatively a higher solubility may 
be expected if the association constant for the formation 
of MNO,"^  species is higher. Accordingly, in zinc nitrate 
heiahydrate the higher solubilities of NiCl2 may be visua-
lized by invoking a higher association constant for the 
ZnNO,"*" species. Furthermore, it appears that in 2n(N0,)2. 
6.27H2O the first coordination shell of Ni(II) is filled 
by the six water molecules as in aqueous solutions of these 
ions whereas in the case of Cd(NO,)2.4.1 H2O their coordina-
tion numbers seem to be fulfilled by four water molecules 
and two chloride ions. This may also afford to the signi-
ficant difference in solubilities of the above chloride in 
2n(N0,)2.6.27H20 and Cd(NO,)2.4.1 H2O melts. However, such 
2+ 
a difference in the coordination sphere of Ni in molten 
Zn(N0,)2.6.27H20 and Cd(N0,)2.4.1 H2O does not appear to 
cause significant shift in the band energies of its absorption 
spectra. However, the fact that Cu(NO,)2.2.92H2O dissolves 
almost to the same extent both in molten 2n(N0,)2.6.55H20 
(<N^ 50 mole per cent) and in molten Ca(NO,) 2.4.1 H2O (<^25 
mole per cent) may not be accounted for at the moment. 
The measured densities of molten Ca(NO,)2.4.1 H2O 
and CdClJO,) 2.4.1 HgO at 25°C were found to be 0.14 and 0.40 
per cents, respectively lower than those reported earlier 
7 R for the corresponding tetrahydrate salts. * The densities 
2 r. 
of all the molten mixtures studied were found to be a linear 
function of temperature like those of the respective pure 
molten solvents and, hence, least-squares fitted to a linear 
function of the form j-' = a - bT(°K:) where a and b are cons-
tants and ^ denotes the density. The molar volume, V were 
also computed (Table 1). 
The measured viscosity and conductance at 40 C for 
Ca(N0,)2»4.1 HpO differ by ^^12 and <^ ^  per cents, respec-
tively from those reported by Moynihan for Ca(N0^)2« 
4.04H2O. In the case of Cd(N0,)2.4.1 H2O a difference of 
'-^2 per cent in viscosity and conductance has been found 
27 from those reported earlier. Such differences may be 
accounted for the difference in the water contents of the 
corresponding salts used for investigation. However, a 
difference of '^ 2 per cent in the transport properties for 
c 
27 
every 0.01 change in the H^ O/M^ "*" (M^"*" = Ca^ "*" or Cd^ ''") ratio 
is consistent with those of Moynihan et al,' 
The fluidity and conductance isotherms (Figures 2-6) 
for all the systems show a regular decrease with increasing 
solute concentration except in the case of conductance iso-
therm for Ga(N0,)2.4.1 H2O - Cu(NO,)2.2.92H2O melts which 
shows a slight irregular behaviour. Such discrepeincies at 
intermediate compositions in the conductance and fluidity 
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The conductance and fluidity data (Tables 2-6) show 
non-Arrhenius behaviour (Figures 7-11) and are, therefore, 
least-squares fitted to equation (7). The values of the 
empirical parameters along with the standard deviations in 
A and ^ are given in Tables 7-11. The linear plots (Figures 
12-16) of log Y (^,A)T^^ versus 1/(T - T^) also signify the 
applicability of equation (7) in explaining the trsinsport 
behaviours of all the systems under study. Furthermore, the 
plots (Figures 17-26) ofA and i versus 1/(V - V^) tend to 
be non-linear while those of log Y (A , i) versus 1/(V - V ) 
were found to be linear signifying the applicability, of 
equation (5). The computed parameters have been presented 
in Tables 12-16. 
The conventional activation energies, E/^  and B/, were 
also computed from the corresponding derivatives (Appendix C) 
and are given in Tables 17-21. 
A number of A, k, and T^ sets were obtained with 
' ' o 
reasonable standard deviations which may adequately describe 
the fluidities and conductances for every molten salt system 
studied here. The A and k parameters were found to be very 
sensitive to a slight change in T , The values of T do 
not seem to vary largely with composition and no meaningful 
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Fiqure 7. Arrhenius plots of fluidity and equivalent 
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Fiqure 8. Arrhenius plots of fluidity and equivalent conductance 
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Figure 10. Arrhenius plots of f lu id i ty and equivalent 
conductance for molten Ca ( N 0 3 ) 2 - 4 . i H2O-CU ( N O - * 
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Fiqure 14. Plots of loq Y ( 0 , A ) T ^ v s . V ( T - T o ) 
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Fiqure 15. Plots of loq Y (0,A ) T VS. / ( T - T Q ) 
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Fiqure. 19. Plots of 0 and loq 0 vs. i/(V-Vo )for molten 
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Fiqure 22. Plots of A and .loq A vs. l / (V -Vo ) for molten 
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Fiqure 25 . Plots of 0 and Ioq0vs. l/CV-V©) for molten 
Cd (N03)2 .4 . IH20-NiCl2 systems. 
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Fiqure 26 . Plots of A and loq A v s . l/(V-Vo ) 
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Recently, Angell and Brassel observed k as a linear 
function of T in aqueous melts of ealeium nitrate tetrahyd-
rate and substituted DT for k in equation (7) where D is 
independent of composition. But such a composition depen-
dence of k has not been observed in any of the present cases. 
It has been found in a large variety of fused nitrates and 
chlorides as well as in concentrated a^eous solutions that 
the k term rem.ains composition invariant. Therefore, an 
empirical rule * * was suggested which states that the 
k term remains composition independent for systems in which 
the melt structure is not altered in too radical a fashion. 
Accordingly, out of a number of computed A - k - T 
sets only those which give almost similar values for k para-
meter have been chosen unlike the method of keeping k as 
fixed during computation as adopted by others,- * Such a 
selection also provides equal values for T / and T 
0,0 o,A 
within +2,5 as expected. Moreover, a gradual decrease in 
A and an increase in T with increasing composition have 
been observed (Tables 7-11). The values of T / , and k, . 
thus obtained for pure Ca(NO,)2.4.1 H2O and Cd(N0,)2.4.1 H ^ 
27 
melts are in good agreement with those reported. It is 
also apparent from Tables (7-11) that the T s of binary 
mixtures are not very much different from those of pure sol-
vent. This emphasizes the Angell and Moynihans' view that 
for dilute molten mixtures the T values may be mainly deter-
85 
mined by those of the solvents. The values'of Ic/'^ ^ 690 and 
those of ^f/P^ 600 obtained in this manner, for Cd(N0^)2. 
4.1 HpO and Ca(N0,)2.4.1 HpO melts are in good agreement with 
27 those reported. Moreover, these values are in accordance 
vith the generalised values of k/ (''^ 690) and k. (^ —'590) 
found in the cases of great majority of glass-forming melts. 
Such constant values for k term which is equal to 
Y^v*/oCv (cf. Introduction) may be visualized in the light 
2 
of Cohen and Tumbulls' 'hard-sphere' model as suggested ear-
2R lier. According to this model the rate of diffusion will 
be governed by the critical value of the void volume. This 
critical value of the void volume may be considered to be 
determined by the size of the bigger molecules present in 
the melt. Now if the solute molecule is smaller or equal to 
the solvent molecule it will diffuse at the same rate as that 
of the solvent since the diffusive transport is completed only 
by jumping of a neighbouring solvent molecule into the void. 
In the case of conductance the hydrated solvent cations of 
the type M(H20)^"^ [ M = Ca^"*"^  (n = 4) , Cd^ "^  (n = 4) , and 
2n (n = 6)1 may act as the ions of larger size in the 
corresponding melts. No doubt, there will be a decrease in 
the free volume per molecule on adding the solutes in each 
ease leading to a decrease in the rate of diffusion. Conse-
quently, the critical void volume appears to remain the 
same in both the cases of solvents and their molten mixtures. 
86 
Since the variation inos^ over the whole composition range 
studied is insignificantly small, the tenm ^y*/oC^j^ ^o^ ^^ 
itself seems to be substantially independent of composition. 
It may also be noted that the values of about 0.31 
and 0.27 for YV*/v m the cases of fluidity and conductance, 
respectively for pure Ca(N0,)2.4.1 HpO and its mixtures with 
copper nitrate trihydrate are comparable with those obtained 
for mixtures of calcium nitrate tetrahydrate with KCNS. 
The ratio, k-z/k.. has been found to be greater than unity in 
3'5 37 
all the melts and is in good agreement with earlier ones. ' 
The higher values of k/ than k. appears to originate from 
the fact that B / > B^ as observed in all the present molten 
salt systems. 
From the activation energy isotherms (Figures 27-31) 
it is apparent that B, and E. increase with increasing con-
centrations of solutes. This may be due to decrease in the 
free volume per molecule resulting in higher intermolecular 
forces. On the other hand, by increasing the temperature 
the free volume increases owing to the thermal expansion of 
the melt resulting in a decrease in the intermolecular forces 
which in turn lowers the activation energies for viscous 
and conductance flows. The ratios, E//E, for ^ n(N0^)2. 
6.27H2O - NiCl2 (Table 22) as well as for other binary melts 
are found to be greater than xinity similar to those in ionic 
melts and remain almost temperature independent. This may 
10.0 20.0 30.0 
Mole 7o of Ni2 + 
Fiqure 27. Ew and E^ isotherms for molten Zn ( N 0 3 ) 2 
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be due to the higher activation energies for migration of 
molecular species during viscous flow than those required 
for ionic migration. 
Furthermore, the exponential term, k' of the 
Doolittle's model which is equal to Y"^* P®^ mole appears to 
be composition independent like the k term of the free volume 
model equation. This is also supported by the identical 
slopes of the linear plots (Figures 17-26) of log Y (^A) 
versus 1/(V - V ). The two models differ only by a pre-
-1 /2 
exponent ia l T ' term which a f fec t s i n s i g n i f i c a n t l y while 
the pre-exponent ia l f ac to r of t h i s model shows composition 
dependence s imi l a r to t h a t of Cohen-Tumbulls ' A, The 
computed V / correspond to the molar volxime of the melt 
a t T and not a t 0°K which emphasizes the view »^  tha t the 
o r i g i n of free volxime i s a t T^ suad not a t 0°K. I n the case 
o 
of Zn(N0,)2.6.33H20-Ca(N0,)2.4.1H20 melts i t i s i n t e r e s t -
ing to note the addi t ive nature of V , This may be a t t r i b u -
ted to the i d e a l behaviour of these systems with respect to 
molar volTime, Therefore, V may be given by the r e l a t i o n 
V^  ^ = y^ X. V^  . , where V^  _ i s the i n t r i n s i c volume of 
0 , X i £— 1 0 , i ' 0,XJi th the melt having mole fraction of i component equal to x.. 
However, no such additive nature has been found in these 
melts with respect to viscosity smd conductance. Such 
behaviours are also observed in AgCl + AgBr,^^ PbClp + PhBr^,^^ 
and OaCNO^)2.3.99H20-KCNS melts.^® Therefore, it is rather 
94 
difficult to call these systems as ideal in a thermodynamic 
sense. It may, however, be pointed out that for all the 
melts studied V *s decrease linearly (Figures 52-36) with 
composition and show a direct dependence on m unlike T , 
Such a decrease in V may be attributed to the close packing 
of the system with increasing concentration. 
Thus after examining the temperature dependence of J\_ 
and Xi individually a simultaneous representation of such 
dependence of them through Walden product seems to be interest-
ing. Normally. ±hej\sfi product appears to decrease with in-
creasing temperature, although some irregularities were foTind 
at intermediate temperatures. Such a decrease of Walden 
product with increasing temperature for alkali and halide 
ions in aqueous solutions was interpreted in terms of a 
structure breaking and structure making mechanism by Kg^ and 
Evans, But such an explanation does not seem to be quanti-
tative. Also, the observed values foryvVjproduct for molten 
a 4.1 .42 
tetra-n-amylammonium thiocynate * were found to differ 
largely from those expected in the light of an equation of 
the type 
« 93.85 
logAV|^= — ^ - 0.6835 
proposed by Kenausis et al. Equations (8) and (9) both 
based upon the free volume model have been fovmd to explain 













0.0 10.0 20.0 30.0 
MoleV* of N)2* 
Figure 3 2. v a r i a t i o n of T^ 0^,, and VQ^J ,^^ ^ with 





10.0 20.0 30.0 
Mol(27oOf Cu2* 
F iqure 33. v a r i a t i o n of T^^^^A and V^ 0 ,^with 
composition for molten Zn ( N 0 3 ) 2 6 .33H2O-














0.0 3 0 0 60-0 900 
Molc'/oOf Ca2* 
Fiqure 34.VarJat ion of To^^.^and VQ^^^^^ ^,^^ 
composition for molten Zn ( N O s ^ j 6.33 H2O-
c a ( N 0 3 ) 2 " 4 . I H 2 0 systems. 
220.0 r-
^a 210.0 -
200.0 - o,(p 
I I 




0.0 10.0 20.0 30.0 
Mole"/oOf Cu2* 
Fiqure 3 5. Var iat ion of TQ, 0, A and Vo,^, A with 
composition for molten Co (N03)2 4 . I H 2 O -











0.0 A.O 8.0 12.0 
Mole % of Ni2* 
Fiqure 36. var iat ion of To^0,Aand V O , 0 , A with 
composition for molten Cd ( N 0 3 ) 2 . 4 . I H 2 0 -
Nic l2 systems. 
lou 
the present systems. The computed parameters are given in 
Tables 23-27. The temperature dependence of Walden products 
of molten BU^NI - CoClg,^^ Ga(N0,)2.3.99H20 - KCNS, CaCN0^)2. 
5.9IH2O - NiCl2 and Ca(NO,) 2.5.91 H2O - C0CI2 systems"^^ has 
also been reported to be explainable by these equations. 
The computed values of T^ and V^ for all the melts 
resemble closely those of T^ / and T^ . and V^ / and V^ A , 
*' o,jj o ^ o,j9 o^V' 
respectively. This implies the thermodynamic nature of the 
two limiting parameters, T and V . 
The composition independent nature of B^ and Bp is 
obviously due to such a behaviour of k and k', respectively 
while A^ and Ap change with composition in a manner similar 
to those of such parameters of equations (3) and (7). More-
over, the computed activation energies, Ej^^ (Table 28) are 
of the order of unity and almost equal to the difference of 
B» and E / (= B-« ) as expected. A positive value of E^^ may 
be accounted for the higher activation energy enco\intered 
during viscous flow as cited above. 
Now, in order to visualize the composition dependence 
of transport behaviours, i.e,, ^ and A t those of Ay and 
T terms may be reviewed, however, k term remains composi-
tion independent as described above. Theoretically, by 
looking into the compdnents embodied in the Ay term its 
-V2 
composition dependence may be explained through its m • 
dependence on the average mass of the component particles 
1 0 1 
u p 
CTv 
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of the system. Such an expectation holds good in the case 
of Ca(NO^)2.4.1 H^O - Cu(NO^)2.2.92H2O melts, where the mean 
molecular masses increase to a small extent on adding the 
solute causing a slight decrease in Ay/ / \ term. However, 
in the remaining systems under investigation the average 
molecular mass as well as Ay term decrease with increasing 
concentration thereby arguing contrary to the above expecta-
tion. Similar behaviour of Ay term with respect to composi-
27 44 tion has also been found in several other systems. * 
Therefore, it appears that in glass-forming aqueous melts 
the m ' dependence rule of Ay generally leads to the reverse 
of the observed effect. This discrepancy has been attributed 
27 by Moynihan et al to the differences in the lability of 
water on the respective cations of the melt. 
32 The absorption spectra have revealed that the added 
Ni^ "*" ions to the molten Cd(NO„) 2.4.1 HgO and Zn(NO,) 2.6.27H2O 
get complexed with the water molecules of the solvent cations 
to form octahedral species "^  similar to those reported in 
mixtures of C0CI2 and NiCl2 with molten Ca(N0,)2.4 H20.'^^ 
This suggests a difference in the interactions of water on 
the respective solvent and solute cations of the binary melts. 
2+ The addition of Ni ions dehydrates an equivalent amount of 
M(H20) ions and a proportionate difference in the strength 
of interactions between the water and the respective cations 
may be expected. Therefore, the observed linear composition 
168 
dependence of Ay (Figure 57) may be due to the above fact 
25 
as suggested by Islam and Ismail, Accordingly, the linear 
composition dependence of Ay term may be expressed 
Ay = Ajjy - Q^yN (ll) 
where A y is the value of the pre-exponential term for the 
pure solvent and Q.y denotes the slope of Ay versus N plots. 
The glass transition temperature, T increases linearly 
with composition (Figures 32-36) in all the binary melts studied 
OOA OCi O Q "^C 
Similar to those reported for several systems. * ' * 
This parameter seems to depend upon a niunber of factors. 
Qualitatively, T of a particular system refers to the extent 
of cooling required to reach the limiting state of zero free 
volume . Since the free volxime decreases with the addition 
of solute less cooling may be needed to reach the amoii)houB 
phase at higher concentrations. Therefore, higher T 's for 
concentrated solutions may be anticipated. The linear increase 
of T with composition in all the melts studied can also be 
4.8 interpreted in the light of the correlation found between 
T or (T ) and the characteristic Debye temperature, Qj. which, 
_y2 in turn, shows an m ' dependence on the effective masses 
of the component particles of the amorphous phase. However, 
such an m dependence fails to obey in Ca(N0,)2.4.1 HpO -
Gu(N0-z)2.2.92H20 melts. Another illustration of the compo-
sition dependence of T is through the cationic potential 
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'"iqure 37. Variation of Ay with composition for 
binary glass - forminq molts. 
1 1 0 
which is defined as "^N.Z./r., where N. is the mole fraction, 
Z. the cationic charge, and r. the cationic radius. The 
cationic potential reflects on the cohesive energy of the 
system which increases by the addition of more and more solute 
thereby accounting for the increase of T . Therefore, the 
linear composition dependence of T may be expressed as 
where T / \ is the glass transition temperature for the pure 
solvent and Qp is the slope of the T versus N plot, Intro-
ducing a term N as proposed by Angell (cf. Introduction) 
the absolute temperature, T can be represented as 
Therefore, (T - T ) may be written as 
(T - TQ) = Q2(NQ- N) (14) 
substituting in equation (7) for the composition dependences 
of Ay and T tenas as given by equations (11) and (14), res-
pectively, we now obtain 
-ky 
Yi9i,A) = (A^ -^ Q.YN)T~^2 expf 1 (15) 
°^ ^^  ^Q2 (NQ - N) J 
This isothermal equation was successfully employed to des-
cribe the composition dependence of transport properties in 
Ca(NO,)2.3.9IH2O - C0CI2 melts, ^  However, an essential 
condition for the application of this equation is that N 
in 
should have values within 0 and 100 mole per cent. For 
this purpose, T should vary largely with composition or 
one should have low temperature data for fluidity and 
conductance. In the present cases, equation (15) was foiind 
to he applicable only in the binary melts of Cd(N0^)2» 
4.1 HpO - NiClp. Accordingly, the fluidity and conductance 
data for Cd(NO^)2.4.1 HpO - NiClp melts were least-squares 
fitted to equation (15) between a temperature range of 298 -
333 K at intervals of 5 . The computed parameters are list-
ed in Table 29 showing reasonably good fits of the data at 
hand. Moreover, the computed values of the parameters, A y , 
Q-IY» Qp-^ and N were found to be very close to those obtained 
from the respective plots which helps in assessing the vali-
dity of such computer analysis of the composition dependence 
of the transport properties. Furthermore, from Figure 38 it 
is apparent that the plots of log \ (Ay - Q^y^)/YT versus 
1/(N - N) were linear and pass through the origin and hence 
reinforce the applicability of equation (15) in explaining 
such behaviours. This also enables one to say that by 
making appropriate substitutions for the composition depen-
dences of Ay and T parameters in the free volume equation 
(7) the transport behaviours of binary molten mixtures may 
be explained adequately. The N value obtained from conduc-
tance and fluidity data has been found to be /^lOO mole per 
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lU 
mately be the glass transition temperature of the added pure 
solute, i.e. NiClp. 
Unlike the temperature dependence of Walden product 
its composition dependence seems to be rather difficult to 
visualize. The isotherms ofAV] product (Figure 39) reveal 
a striking absence of inverse relationship between equiva-
lent conductance and viscosity. An attempt may be made to 
explain the composition dependence of such products through 
an equation obtainable from the isothermal equation (15). 
Thus, we will obtain an isothermal expression forAYl product 
as 
. A^. - Q,,N, - k^  - k 
AY) = — ; 
V - *l/ 
exp (16) QgCN^  - N) 
It may be visualized that the composition dependence of pre-
exponential terms mainly determine the shapes of;\^y\ isotherms, 
For instance, if we assume that the A terms are composition 
independent, then the equation (16) will be modified to 
A_. ^ k, - k 
OA 
AY| = ( ) exp 
o^ 
(j, ^A 
LQ2(NQ - N) J 
(17) 
This reflects a regular increase in they\Y1 product with 
composition. Therefore, the minima and maxima obtained in 
the f\(\ isotherms may be attributed to the decreases in k, 
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in A and ^ ] with composition are not in proportion and may 
also account for the irregularities in such isotherms. 
Finally, it may be pointed out that, although the 
free volume model seems to be successful in explaining the 
temperature dependence of the transport properties of the 
binary melts under investigation it is inadequate for des-
cribing their composition dependence, .Such dependence of 
all the systems except Cd(NO,)2.4,1 EJd - NiClp could not 
be described by the isothermal equation (15) which is based 
49-51 
on the free volume model. Moreover, it has been reported -^  
that during the study of the effect of pressure on viscosity 
or T and on electrical conductivity this model fails badly. 
C H A P T E E II 
Temperature and Composition Dependences of Transport 
Properties of Glass-Forming Melts - The Configurational 
Entropy Model and the Isentropic Equation 
n\) 
Introduction 
The short-comingB of the free voltime model have been 
discussed at the end of the preceding chapter. The model 
3 
proposed by Adam and Gribbs has been found to be more useful 
in explaining the experimental observations than that based 
on the free volume concept. 
In the supercooled liquids the molecular relaxation 
times become too long to permit establishment of equili-
briiuB in the vicinity of glass transition temperature. This 
increase of relaxation times on cooling a system was foxmd 
to be associated with a decrease in the number of available 
configurations to the system in this region which manifests 
in the smallness of the equilibrium entropy near the glass 
52-54 temperature, Gibbs and DiMarzio^ ^ thro-ugh their statis-
tiCO-mechanical quasilattice theory suggested such a decrease 
in entropy to small values and resolved the Kauzmann paradox 
of negative configurational entropies at lower temperatures 
through demonstration of a second-order transition at the 
temperature, T where the configurational entropy vanishes. 
6 
Below T the configurational entropy remains zero rather S 
than acquiring meaningless negative values as cited in the 
general introduction. 
Adam and Gibbs-^  proposed an alternative theory in 
which the concept of glass transition and the free volume 
121 
2 
disappearence at T as suggested by Cohen and Tumbull are 
not lost. This theory takes into consideration the more 
promising idea that the essential liquid state characteristic 
which vanishes at temperaturejT is the configurational 
entropy of the liquid rather than the free volume which was 
an asBiimption in the free volume model. 
The temperature dependent relaxation times in dynamic-
mechanical or dielectric experiments in liquid are deten&lned 
by the probabilities of cooperative rearrangements. To 
evaluate these transition probabilities for relaxation pro-
cesses of glasB-foiming liquids in the vicinity of glass 
transition region, Adam and Gribbs considered that the trans-
lational motion of a given molecule or a segment of molecules 
occurs by the cooperatively rearranging region defined as a 
subsystem of the sample which, upon a sufficient fluctuation 
in energy, can rearrange into another configuration indepen-
dently of its environment. The temperature dependence of 
the translational process was, then, shown to be the result 
of the effect of temperature on the minimum size of the 
cooperatively rearranging groups. The minimum critical size 
of the cooperatively rearranging group or •subsystem' was 
expressed in terms of macroscopic configurational entropy. 
At T the cooperatively rearranging region comprises the 
whole sample since at this temperature there is only one 
available configuration for the whole system. Considering 
122 
that this smallest cooperative region must be that involved 
in the great majority of transitions and that the probability 
of a cooperative rearrajigement in a fixed subsystem is a 
function of its size, Adam and Gibbs obtained an expression 
for the average transition probability, w(T) of the form 
w(T) = 1 expf-AjUsJ/kTS^] (18) 
where A is a frequency factor,AA is the free energy barrier 
per mole of particles hindering the cooperative rearrangement, 
s* is the critical configurational entropy which a region 
of the liquid must possess in order to undergo cooperative 
rearrangement, k is the Boltzmann constant, and S is the 
configurational entropy of the macroscopic subsystem. 
Equation (18) may be written as 
w(T) = A expf-C/TSj (19) 
where C = 1!JAAS*/R, N i s the Avogadro number and R i s the 
gas cons tant . Subs t i t u t i ng the expression for S which i s 
of the form 
S^  ^ ACplMT/T^) (20) 
in equation (19)» we obtain 
w(T) = A exp r-C/T^Cpln(T/T^)] (21) 
ACp is the change in heat capacity at the glass transition 
which may be considered to be almost invarient of temperature 
and equation (21) becomes 
123 
i?(T) = 1 exp T-kg/TlnCT/T^)] (22) 
where kp = G/A(L, = NAy(A.s*/RA Gp. At a particular temperature, 
T the transport properties such as equivalent conductance 
and fluidity are directly related to the average transition 
probabilities, w(T) and equation (22) may be presented in 
the form 
Ti^A) = A2Y exp[-k2Y/Tln(T/T^)J (23) 
This is the 'well known equation based on the configurational 
entropy concept and is being successfully used for describ-
ing the observed temperature dependences of mass transport 
processes of polymers and supercooled liquids including 
melts. 
Accordingly, the measured fluidity and conductance 
data of all the binary molten systems iinder investigation 
have further been analyzed more extensively using equation 
(23). Such an analysis has also been made with a view to 
derive an isentropic expression for describing the composi-
tion dependences of fluidities and equivalent conductances 
of the present systems. 
124 
Kesults and Discussion 
The temperature dependence of fluidities and conduc- • 
tances (cf. Chapter I, Tables 2-6) of all the melts studied 
were analyzed by least-squares fitting the data t<J "the equa-
tion (23) based on the configurational entropy concept. The 
method of computation of the parameters was similar to that 
adopted in the previous chapter. Out of a ntimber of A2 -
kp - T sets describing the transport properties adequately 
those which give almost constant values for the exponential 
parameter kp were selected and are presented in Tables 50-35 
alongwith the standard deviations in 4 andA. The linear 
plots (Figures 40-44) of log Y (^,A) versus 1/TlnCT/T^) 
reinforce the success of the model. The values of k^ and T^ 
c 0 
terms were found to be in good agreement with those obtained 
from the free volume model equation (7). Only the values of 
the pre-exponential terms of the two equations differ from 
-y2 
each o ther and may be due to the presence of a T term in 
the pre-exponent ia l pa r t of the equation ( 7 ) . The a c t i v a t i o n 
energies computed from the d e r i v a t i v e s , d In Y/d(T~ ) of 
equation (23) (Tables 36-40) (Appendix C) were found to be 
very close to those obtained from the free volvime model 
equation (cf . Tables 17-21), Moreover, equation (23) may be 
converted in to D o o l i t t l e type equation (3) by applying 
Clapeyron equation"^-' for ACL and the values of V may be 
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22P "^ S (23) are of identical nature 'r^ ^ and differ in the theo-
ries on which they are based. 
On the other hand, the temperature dependence of the 
»duct of equivalent conductance and viscosity has heen 
more satisfactorily explained using the equation 
y^Ti = constant, K (24) 
suggested by Frenkel. This equation appears to be more 
sound and provides a wide range to study the temperature 
dependence of Walden's product. Recently this equation has 
been applied successfully to molten ZnCl2, 2nBr2, Ca(N0,)2. 
4H2O - CoCl2,^^ and Ca(NO,)2.4H2O - KCNS^® systems. In the 
equation (24), n represents the ratio of activation energies 
for viscous and conductance flows, E//E. which is also appa-
rent from Tables 22 and 41. 
In the Adam-Gibbs model the composition independent 
nature of the kp term may also be visualized. According to 
this model the k2 t.erm is equal to NA|^s*/RAGp, where N is 
the Avogadro number, s* is the minimum configurational entropy 
which a region of liquid must possess in order to ujidergo the 
cooperative rearrangement (s^ = kln2) , A k is the free energy 
barrier per mole of particles opposing the cooperative 
rearrangement,ACp is the difference in heat capacities of 
the liquid, and glassy states, and R is the gas constant. It 
has been suggested that changes ±n/^^ from system to system 
14? 
TABLE 41 : Parameters for Equation ( 24 ) for the 
Product of Equivalent Conductance and Viscosi ty for 
Binary Molten Mixtures . 
Melt 
ZnCNO^)2.6.35 HgO 




Zn(N0^)2.6 .33 H2O 































































































(con t inued) 
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TABLE 41 : (cont inued) 
Mel t 
Cd(NO^) 2 .4 .1 H2O 
+ N iC l2 
Ca(NO,)2.4.1 H2O 
































































may be compensated by parallel .changes in Z^ i^ CL, Therefore, 
the overall effect on kp may be considered negligibly small 
and this may accoiont for its \iniversal constant value in a 
large variety of molten salt systems. 
From Figure 45 it is apparent that in every binary 
molten system under study the pre-exponential factor Apy 
decreases linearly with an increase in mole per cent of the 
solute like the Ay term of equation (7) based on the free 
volume model. As discussed in the preceeding chapter the 
m dependence rule may not be accounted for such a varia-
-12 tion of Apy terms with composition. Moreover, this m 
dependence of A term was suggested on the basis of the free 
volume considerations and does not appear to be feasible 
in explaining the composition dependence of Apy terms. The 
27 
recent explanation based on the difference in lability 
of water molecules on the respective cations of the melt 
appears'to be much vague. An alternative explanation has 
been given here through an indirect reasoning. According 
to the cooperative rearrangement model the macroscopic system 
may be considered as an i so b,aric-i so thermal ensemble of N 
independent, equivalent and distinguishable subsystems or 
configurations of z molecules each. However, all such sub-
systems may not undergo cooperative rearrangement. If n' is 
the number of configurations which undergo suchacooperative 
transition the fraction, n'/^ niay be given as 
0 2.0 ^.0 
I , 
6.0 8.0 XI,XII 
2.0 <..0 6.0 8.0 10.0 12.0 I I I , IV 
I, I I - Z n ( NO3)2 -6 33H20-Ca(N03)2A.1H20 




= Xl ,XI I -Ca(N03)2.3.91H20-NiCl2 
325 
300-<5 
2 0 0 - _ 
-250 
-230 
0.0 20-0 <.0.0 60.0 
Mole 7e 
8 0 . 0 I,II 
Fiqure 45. Variation of A2y with composition 
for qlass-forminq melts. 
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n'/N = exp V'-zAA/kTl (25) 
where A A is the potential energy hindering the cooperative 
rearrangement per molecule. As said previously, Adam and 
Gibbs considered the average cooperative transition probabi-
lity, w(T) as proportional to the fraction of configurations 
which undergo transition and obtained the relation 
w(T) = A'n'/N = A' exp f -ZAA/ICTI (26) 
where A' is the proportionality constant. It may also be 
cited that the transition probability, w(T) is proportional 
to the reciprocal of the relaxation time, 1 / T » According 
to the Eyring's expression the relaxation time,'T> may be written 
as 
> =1^ expfB/RTJ , (27) 
where'7^is the vibrational period of the subsystem in its 
equilibrium position and B is the activation energy for 
relaxation, £ and T have their usual significances. There-
fore, we obtain, 
w(T)o<Cl/"r 
A' exp r-zAA/k:Tlo< v~ exp 1 -E/RT 1 
On comparing the pre-exponential factors it yields 
A'o<v:|; (28) 
'o 
Now, cons ide r i ng the Maxv/ell 's e x p r e s s i o n , 1 / ^ = ^/^ = 
&Y(j^,A)» where G i s t h e r i g i d i t y modulus and Y] i s the v i s -
152 
cosity of the system, the above expression (28) may be ex-
pressed as 
. A'o< A2Y = 1/ToG . (29) 
It may be visualised that the rigidity of the system 
may increase with increase in concentration. Moreover, the 
transition probability decreases, in other words, the period 
of vibration of the relaxing species in its equilibrivun posi-
tion may increase with increase in concentration. Accordingly, 
this may account for the linear decrease of Apy terms with 
increasing composition and may be expressed as 
^2Y = ^ oY " "^ lY^  ^^°^ 
where A y is the value of Apy for pure solvent and Q.y is 
the slope of Apy versus N plots. 
Further, the linear variation of T with composition 
(Figure 46) may be reviewed in detail. Several explanations 
were accorded for such a variation of T with composition 
(cf. Chapter I). On the basis of the free volume concept one 
may prestime that the increase in T by the addition of solute 
is due to the decrease in free volume which makes the system 
compact and less cooling may be needed for attaining the glass 
transition region. This may also result from a decrease in 
configurational entropy of the system owing to the increase 
in compactness by increasing the concentration of the solute. 
27 
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Fiqure 4 6 . Variation of T© with composition 
for qiass- forminq melts. 
154 
the T value decreases with increasing concentration of 
Cd(N0,)2.4H20 and is contrary to the above qualitative 
reasoning. Similar behaviour of T may alsobe seen by 
adding 2n(N0,)2.6.33H2O to Ca(WO,)2.4.IH2O melt instead of 
adding Ca(NO,)2.4.IH2O to molten 2n(N0,)2.6.53H2O. There-
fore, it is apparent that the direction of variation of T 
with composition in almost ideal molten mixtures; jaay be 
decided by the T values of pure solute and solvent. Accor-
dingly, a decrease in T may be expected by the addition of 
solute having lower T than the pure solvent. 
On the other hand, Angell viewed T as dependent 
upon the coulombic interactions or cohesive energy of the 
system and a linear relationship was obtained for Ca(N0,)2 -
KNO, melts between T and the cationic potential. The latter 
is defined as "T^JS.Z./r. . where if. is the concentration in 
^ 1 1' 1' i 
mole fraction of the cationic species, 2. is the cationic 
charge, and r. is the cationic radius. The T values of 
several pure and mixed nitrate systems have been found to 
fall on this line and its extrapolation to zero cationic 
potential gave a value of about 80-100°K for T which is 
comparable with those of molecular liquids. * Moreover, 
for fused salts having anions other than nitrate ions^ 
Angell suggested similar linear relationships with different 
slopes. However, such dissection of total coulombic poten-
tial of the system into cationic and anionic potentials and 
155 
the interpretation of T in terms of the former appear to be 
sound preferably in ionic melts. It has been observed that 
the ionic species also play an important role in determining 
the glass transition temperature of a system,"^ ^ The above 
correlation of T with cationic potential hardly takes into 
consideration the contribution of anionic species and seems, 
somehow, feasible only in systems having common suaion. 
Although, we obtained a linear relationship between T and 
the cationic potential in all the systems studied here 
including the reciprocal ones also, such plots appear to be 
rather less feasible. Because extrapolation of such a linear 
plot to zero cationic potential provides a very high value 
for T xmlike the expected value around 100°K. This may be 
due to the fact that in hydrated melts the cations appear 
in the hydrated form and the nitrate and chloride ions have 
a tendency to associate with the proton of the water molecules 
coordinated to the cation. Such an association generally 
lowers the configurational entropy of the system thereby 
causing higher T values for hydrated melts than the corres-
ponding aqueous solutions. Therefore, very feable ionization 
may be anticipated in the hydrated melts and the considera-
tion of T throiigh cationic potential alone appears to be 
xuasound. Furthermore, based on the above correlation of T 
0 
with the cationic potential either identical or a slightly 
higher T value for Gd(N0,)2.4H20 may be expected than for 
15« 
0a(N0,)2.4H20 owing to the fact that the cationic charge : 
radius ratio for the former (0.536) is slightly higher than 
that of the latter (0.535). This argues contrary to the 
observed fact that the values of T as well as T are lower 
for the Cd(N0,)2.4H20. Recently Angell and Helphrey ^ have 
also observed that the T values assigned to alkali metal 
nitrates on the basis of cation radii and anion-cation 
radius STims are significantly different from the actual 
values for T^ and were found to depend much less on the 
o 
cation type of the alkali metal nitrate. 
As cited in Chapter I, an alternative illustration 
accounted for the variation of T with composition is through 
the correlation that has been noted between T ^or T and 
o g 
the characteristic Debye temperature of a substance. This 
_y2 
suggested eua. m dependence of T on the effective masses 
of the component particles of the amorphous phase. If the 
added solute causes an increase in the average molecular mass 
of the system then the T was found to decrease as in the case 
of Ca(NG,)2.4H20 - GA{NO^) 2.4^2'^ melts. ^"^  In the case of 
all the present systems the average molecular mass decreases 
and the values of T have been fo\md to increase accordingly. 
However, in the case of Ca(N0,)2.4.1 H2O - Cu(N0^)2.2.92H20 
melts the average molecular mass as well as T increase with 
o 
-V? 
concentration and this shows the reverse of the m ' depen-
dence rule. Moreover, the above m ' dependence rule explains 
15? 
only the qualitative nature of the change in T with compo-
sition and 1the extent of change may not be predicted quanti-
tatively. This problem seems to be partly solved if the 
linear plot of T versus composition is pertinent to extra-
polation. For instance, in the present case of an ideal 
molten mixture of 2n(N0,)2.6.53H2O - Ga(NO,)2.4,1 H2O it is 
apparent that T is additive in nature and may be given as 
^o = ^ ^01 + ^^  - °^ 1^ o^2 = ^ 02 + °^ l(^ o1 - ^ 02) ^51) 
where m. is the mole fraction of the solute, T . and T^^ are 
I ' 0 1 Qd. 
the glass transition temperatures of solute and solvent, res-
pectively. Similar behaviour of T has also been reported 
in binary mixtures of alkali metal nitrates in molten 
Cd(N0^)2.4H20,^° Ca(WO^)2.4H2O + KUO, melts,^^* and in 
Ca(N0,)2.4H20 - Cd(NO,) 2.4H2O melts. ^'^  However, in rest of 
the present systems \inder investigation extrapolation of the 
plot of T versus mole per cent to pure solute concentration 
appears to be restricted, Por example, extrapolation of such 
a plot to pure Cu(N0,)2,2.92H20 in the cases of its mixtures 
with molten Ca(NO,)2.4,1 H2O and 2n(N0,)2.6,35H20 provides 
much different values for T (245 and 193°K» respectively) 
which are unexpectable and may not be accoiinted for. The 
composition dependence of T may, however, be safely re-
presented by 
158 
where 5? / v is the value of T^ for pure solvent and Q2Yi6 
the slope of T versus N plots. 
Now^an overall composition dependence of the transport 
processes may be considered. Normally, one expects a mono-
tonous decrease in the transport properties with increasing 
composition. However, such a trend has not been found at 
all the times and the irregularities observed at intermediate 
compositions render more complications to the \inderstanding 
of composition dependence of such processes. This difficulty, 
however, appears to be almost settled if we consider T as 
a basis for the corresponding temperature, T in fused salts. 
It cem be recalled that the corrected activation energy, 
S , for conductance and viscous flows were obtained (Appen-
c o r r ' 
dix C) on the bas i s of the free volTime model as 
where fi i s the gas constant and k i s the exponential parameter 
in the equation ( 7 ) . Therefore, B / R k y m a y have a constant 
value a t equal T/T values for fused s a l t s . According to 
conf igura t iona l entropy model also a t constant T/T value , 
'&/Rk.2y.= 1/ln(T/T ) and constant value for a c t i va t i on energy 
may be expected (Appendix C), Moreover, according to equation 
(20) a t equal values of T/T the conf igura t ional ent ropies 
of the molten s a l t systems become constant on assuming ACp» 
the difference of heat capac i t i e s for l i qu id gind glassy 
159 
states as almost invariant with composition which is an 
isentropic condition. Therefore, the plots of conductances 
and fluidities versus composition at constant T/T values 
35 
are termed as pseudo-isentropes. An impisrtant significance 
of such plots is that a better quantitative illustration of 
the composition dependence of transport properties may be 
made at equal T/T values by accounting for the composition 
dependence of individual parameters in equation (23). At 
T/T = constant, c, equation (23) becomes 
Y(j^ ,A) = A2Y exp j^-k2Y/T^c In c j (33) 
As discussed above kpy remains composition independent 
and substituting for the linear composition dependences of 
Apy aiid T , equation (33) may be transformed into an isen-
tropic equation of ihe form 
Y(j!(,A) = CAQY - Q^Y^) exp [-^2Y^i'^Q(^Q) + QsY^^ c In c ] (34) 
The conductance and fluidity data for all the melts 
under study at constant c value were computed from equa-
tion (23) and they were in turn least-squares fitted to 
the equation (34). Reasonably good fits have been obtained 
as it is apparent from Table 42 (for c = 1.5). Such 
fits have also been found at other values of c varying 
between 1,4 sind 2,0. The values of the computed para-
meters, A^y, Q^y, T^(Q)> and Qpy are found to be in good 
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46) whereas the values of kpy terms resemble their corres-
ponding values in equation (23). From equation (34) it is 
apparent that plots (Figure 47) of log f C-^oY~^1Y^^/^ J '^ ®^ ^^ ^ 
V^^'^oio) "*" ^2Y^M '^^^•^ ®^ linear and pass through the origin. 
Such an exemplary plot has been shown in Figure 48 for the 
molten Zn(N0,)2.6.33H20 - Ca(N0,)2.4.1 H2O system for both 
fluidity and conductance. The corresponding points for the 
rest of the systems have been foxind to fall either on these 
lines or very close to them. The overlapping of such plots 
may be expected due to the fact that their slopes equal to 
kpy/c 1J^  C are close to one another owing to the universal 
constant values of ^oy* 
Therefore, it may be concluded that the above isen-
tropic equation may be employed over a wide range of tempera-
ture without depending on the T values of the solvent and 
solute in order to describe the composition dependence of 
transport processes in binary molten salt mixtures. Such 
an analysis emphasizes further the importance of choosing 
T/T as a better corresponding state for the comparison of 
liquid properties. It may be viewed that equation (7) is 
only an approximate relation derived from a more general 
expression (19) or from its equivalent form, i.e. equation 
(23). Consequently, any other subsequent equation derived 
from equation (23) will be of a more generalized form than 
that obtained from equation (7). This may account for the 
4.6 5,0 5 ,2 X,XI 
I , I I - Z n ( N 0 3 ) 2 . 6 . 2 7 H 2 0 - N i C l 2 
111,1V- Zn(N03)2-6 ,33H20-Cu ( N 0 3 ] 2 . 2.92 H2O 
V,VI -Zn{N03)2 .6 .33H20-Ca{N03)2 .4 .1H20 
V I I , V I I I - C a ( N 0 3 ) 2 . 4 . 1 H 2 0 - C u ( N 0 3 )2 .2 .92H20 
lX ,X-Cd(N03)2-4 .1H20-N iC l2 
X I ,xn-Ca(N03)2 .3 .91H20-N iC l2 
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better applicability of the ieentropic equation (54) to 
explain the composition dependence of transport behaviours 
than that of isothermal equation (15). 
Furthermore, owing to the different composition 
dependences of k> and A^ terms (since the slopes of the plots 
of Ay and A. versus N are different) and to the different 
values of the activation energies for viscous and conductance 
flows it may be visualized that the species taking part in 
these flows are also different. This view has been supported 
by the dielectric relaxation measurements in Ca(N0^)2 - KNO^ 
melts. On the other hand, the configurational entropy 
model-^  suggests identical relaxing species as responsible for 
the two kinds of flow. The recent studies on ZnClp and ZnBro 
57 
melts'^  have also shown that the species taking part in vis-
cous and conductance processes are of same structure and size. 
It has further been suggested that the presence of electrical 
charges on the diffusing species has no effect on their trans-
22b 
port behaviours. This implies that the activation ener-
gies for the above processes are same. Therefore, the 
observed differences in E-y, and E. may be attributed to the 
fact that the nximber of relaxing species undergoing transition 
are different in the two cases of transport behaviours as 
it is apparent from equation (26), Consequently the higher 
activation energy for viscous flow may be due to the less 
number of species available for relaxation. It may, therefore. 
165 
be proposed that the species taking part in viscous and con-
ductance flows are the same, hut their availability for 
relaxation are different in the two cases. The different 
availabilities may be due to the reason that the species 
encounter unlike fields, i.e., shearing stress during viscous 
flow while electrical field during conductance flow. Similar 
25 
view has earlier been expressed by Islam and Ismail. This 
notion may be emphasized further in terms of the ranges of 
structural interaction of the relaxing species using environ-
4 
mental relaxation model and has been considered in the next 
Chapter, 
C H A P T E R III 
Application of the Environmental Relaxation Model 
to the Transport Behaviour of Glass-forming Melts. 
167 
Introduction 
Although, the phenomenological equations based on the 
concepts of free voliiine (Chapter I) and configurational entropy 
(Chapter II) described the transport behaviours of fused salts 
and glass-forming molten salt mixtures in the non-Arrhenius 
region adequately they all failed when applied to explain 
6? 
the transport behaviours over an entire temperature range 
from very high to glass transition temperature, T in many 
S 
systems. The reason for their failure was due to the fact 
that the measured viscosities and the activation energies of 
glass-forming molten oxides "~°5 (B^O,, BSC glass, and NBS-711 
standard glass), molten salt mixture (0.4 Ca(N0,)2 + 0.6 
fifi f n 
KNO,) , and of organic liquids * (n-propanol, tri-cjG-nephthyl 
benzene, n-butyl benzene, iso-propyl benzene, di-n-butyl 
phthalate) showed three kinds of behaviour. At high tempera-
tures they exhibited an Arrhenius viscosity and temperature 
independent activation energies while at intermediate 
temperatures viscosities become non-Arrhenius and the acti-
vation energies showed a marked change with temperature. 
This was followed by a third low temperature region in the 
vicinity of glass transition temperature, T where a return 
6 
to the Arrhenius behaviour occurs and seems to be a general 
liquid feature. 
It was evident from the ultrasonic spectroscopic 
measurements on oxide glasses and 0.4 Ca(N0^)2 +0.6 KNO, 
69 
melt ^ that distribution of relaxation times, g(lnT) was 
168 
log-Gaussian in time, and the distribution of activation 
energies, g(E) was Gaussian. Both the distributions of 
activation energies, g(B) and relaxation times, g(ln'T) 
were narrow in the high temperature Arrhenius region. As the 
temperature was lowered the distributions broadened markedly 
while the average activation energy, S remained temperature 
independent and the most probable relaxation time,^ remained 
Arrhenieua. This led to the conclusion that the non-Arrhenius 
viscosity behaviour was due to the broadening in gCB) and 
g (In'^) which resulted in the appearance of higher as well 
2 
as lower activation energies. In the free voliame and 
•5 
configurational entropy theories a loss in certain diffusing 
degrees of freedom or some increase in cooperative behaviour 
as the temperature is lowered thereby causing an increase in 
the average activation energy generally account for the 
observed non-Arrhenius behaviour. However, these theories 
can hardly account for the presence of lower activation 
energies, 
Simmons and Macedo developed a model by correlating 
the distributions of relaxation times, g(lnY) and activation 
energies, g(B) to the supercritical fluctuation theory of 
Omstein and lie mike and was termed as Environmental Relaxa-
tion Model. In order to explain the transport behaviours of 
0.4 Ca(N0^)2 +0.6 KNO^ molten mixture, oxide glasses and of 
organic liquids over the entire temperature range this model 
169 
70 Kas successfully been applied by Tweer et al. However, 
the applicability of this model has been arrested owing to 
the limited availability of the data of molten salts over 
the entire temperature range. An attempt has been made here 
to analyze the conductance and viscosity data of the systems 
under investigation on the basis of the above model even-
though the temperature range is limited to the non-Arrhenius 
region. 
1?0 
Analysis of the Data 
The expressions for ri and A based on the environmental 
relaxation model are of the type 
lnyi= In(G^A)^ + iyRT + i<AB^>/(RT)^ (35) 
and InA = -ln(&^A)^ - B^/RT - ^ <^B^> /(M)^ (36) 
G is the shear modulus of the melt, A is an empirical para-
meter and R is the gas constant. ^ AB > is the variance of 
the Gaussian distribution of activation energies around the 
average energy, B and is given as 
<AE^> = C^RT[I/(1 + e^)]^/^ (37) 
C is an empirical parameter and £ = r /Z(T), where r is the 
range of structural interaction for relaxation process and 
Z(T) is the size of the microstructure at any temperature, 
T. Temperature dependence of Z(T) was given by the relation 
2(T) = 1/(T/TQ - 1)^ (38) 
where 1 i s a constant . Therefore,£ may be w r i t t e n as 
£ = ^ ( T / T ^ - 1)^ (39) 
where c denotes the ratio of r to 1. Now, substituting 
equations (37) and (39) in equations (35) and (36) we may 
get 
ln7[= ln(G^A)^+|B>^+(y2)C^^[l/(l + e^^]^/^l/M 





in/t- -in(a„A)^ -{i H{)o^^[fl/<.fl^^^{r.f^)^)jyyRf (41) 
Neglecting the temperature dependences of G and B, equa-
tion (40) can be differentiated with respect to inverse of 
temperature to yield the apparent activation energy (Appen-
dix C) for viscous flow as 
^\ = V(i)c^^[i/(ue^^(T/vi)^)]^/' 
[l+66o^(T/T^)(T/T^-l)VCl + eo^(T/V1)'^)] (42) 
Similarly^an expression for the apparent activation energy 
« 
for conductance, E. may also be obtained. 
The viscosity and conductance data of all the melts 
Tinder investigation have been least-squares fitted to the 
equations (40) and (41), respectively. The computed values 
of the parameters have been presented in Tables 43-47, The 
linear plots (Figures 49-53) of T ln(Tf;/G^A) and T ln(1/AG^A) 
versus ri/(1+G)l ^o^ all "the melts emphasize the feasi-
bility of the environmental relaxation model in explaining 
the temperature dependence of transport behaviours in their 
respective experimental range of temperature. The apparent 
activation energies are computed using equation (42) and 
have been plotted (Figures 54-65) as a function of tempera-
ture alongwith those obtained from the corresponding deriva-
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Fiqure 49. Plots of Tin ( l/AGoo A ) and Tin ( H / G O Q A ) 
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Fiqur€ 5 0 . Plots of Tin ( T / G O O A ) and Tin ( « / A G O O A ) VS. 
C • / ( • + C4 ^^^^^ ^°'" '^°'^®" ^" ^ N03)2 -6 .33 H2O -
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Fiqure 51. Plots of Tin (qyGoo A) and Tin ( i /A GQO A) vs. 
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Fiqure 5 2 . Plots of Tin (q /GooA) and Tin ( I / A G O Q A ) vs. 
C l / ( i + ^ ^ ) I l ' ^ ^2 for molten Ca ( N 0 3 ) 2 . ' * ' H 2 0 - C U ( N 0 3 ) 2 , 
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Fiqure 53. .^Plots of Tin (q/Goo A ) and Tin (l/AGoo A) vs 
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Fiqure 54 , Piots of E^ obtained from FVM and ERM 





Fiqure 55. Plots of E/\obtained from FVM and ERM vs. 
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Figure 56 . Plots of E^ obtained f rom FVM and ERM vs. 
temperature for molten Z n ( N 0 3)2- 6 .33 H2O-
Cu (NO3 )2 - 2 . 9 2 H 2 0 - s y s t G m s . 
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Fiqure 61. Plots of EAobtained from FVM and ERM vs. 
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Fiqure 57. Plots of E/\ obtained from FVM and 
ERM vs. temperature for molten Zn ( N 0 3 ) 2 - 6 . 3 3 H2O 
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Fiqure 58. Plots of E^ ^ obtained from FVM and ERM 
vs. temperature for molten ca (N03)2 ••^'H^O -
cu(N03)2-2 -92H20 systems. 
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Fiqure 59 . Piots of E/^obtained from FVM andERM vs. 
temperature for molten Ca ( N 0 3 ) 2 - 4 . l H 2 O -
C u ( N 0 3 ) 2 ' 2 92 H2O systems. 
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Fiqure 6 0 . Plots of Eq obtained from FVM and ERM vs. 
temperature for molten Cd C N 0 3 ) 2 - 4 . I H 2 O - N i c l 2 systems, 
190 
D i s c u s s i o n 
The pa ramete r s of e q u a t i o n s (40) and (41) f o r -sriscosity 
and conduc tance , r e s p e c t i v e l y can be compared u s i n g P r e n k e l 
e q u a t i o n (24) which may be w r i t t e n as 
myv = - ^ + In K n ' "^  n (43) 
Substituting equation (40) for InYl , equation (43)becomes 
f--ln(G„A). In K r 
Comparing this with equation (41), it may be noted that 




(G_ A), a . % - [(^0.^)^^]^" (^ 50 
or n = E^/i^ (46) 
reover, C [^^/(TJ + ^ ^(T-T )^)1 ^/^ = OA.L o'^ o "^ OA o' 'J 
C ^ M / ( T 4 + ^2 g^,_j )4)1 5/2/ 
01)L o' ^ o o^tj ^ o' M ' 
Mo 
31) L o' ^  o ^orj^ ^ 0 j 
or 
At low temperatures where T - T , 
C ^ = nC , (48) 
Ot| QA ^ ^ 




On the other hand, from Tables 43-47 it is apparent that 
3 3 
for all the melts studied the ratio, ^QK/^Q^ ™2iy ^ ® repre-
sented as 
^ ^ O A / ^ ) ^ ^ \ / % ^50) 
Unlike the predicted ease based on equation (49). As 
suggested in the preeeeding Chapter the entities taking part 
in viscous and conductance flows may be of similar size and 
structure while the difference lies in their driving forces, 
i.e. shearing and electrical stresses for viscous and conduc-
tance flows, respectively. Therefore, it may be visualized 
that the size of the microstructure remains identical in both 
the processes so that equation (50) may be modified to 
"^A/ ^r^^ V^A =^> ' ^^^\ 
Furthermore, the values of T and T . were found 
o ,Yj^  o ,A 
to resemble each other thereby suggesting that the occurrence 
of microstructure is independent of the method employed. 
The above equation (51) implies that the range of 
interaction for conductance is always larger than that for 
viscous flow. However, this argues contrary to the view 
suggested by Tweer et al. according to which r^ fr^ = 
Byj/Eyy^ . This discrepancy may be due to their presumption 
1D2 
that the different ranges of structural interaction are caused 
by the involvement of different relaxing species in the two 
transport processes. On the other hand, it has been presumed 
here that the different r 's for-viscous and conductance flows 
o 
are due to the encountering of different stresses by the same 
relaxing species during those processes. 
Now, it may be viewed that the larger range of struc-
tural interaction for conductance flow causes more number of 
microstructures aa available for this relaxational process 
than those for the other (viscous flow). Therefore, the pro-
bability of relaxation during conductance flow may be larger 
due to the availability of larger number of configurations 
for cooperative rearrangement and this may consequently result 
in a decrease in the height of the energy barrier. On the 
contrary, during viscous flow the probability of relaxation 
will be less causing higher activation energy. Accordingly, 
the difference in activation energies for viscous and conduc-
tance flows appears to be due to their unequal ranges of 
stmctural interaction. 
Finally, it may be seen that the glass transition 
temperatures, T obtained from free volume, configurational 
entropy, and environmental relaxation models are very close 
to each other. Moreover, the environmental relaxation model 
helps in estimating the rigidity of the supercooled liquids 
1B3 
or glass-forming melts. However, it is worthy to note that 
the activation energies obtained from the present data analy-
sis appear to show slightly Arrhenius behaviour at tempera-
tures corresponding to the two ends of the experimental tem-
perature range. This suggests that the environmental relaxa-
tion model may hot be successfully employed or approximated 
to explain only the non-Arrhenius behaviour of, the relaxational 
processes. The failure of this model has also been pointed 
71 
out recently by others. However, the reply of Howard et 
72 
al. to the comments on the application of environmental 
relaxation model to the temperature dependence of the visco-
73 
sity raised by Singh and Darbari reinforces the correctness 
of this model. Therefore, a more detailed study on the 
applicability of the above model as well as a better under-
73 
standing of the possible variations in the rigid shear 
modulus, G with temperature are needed for recognizing 
further the feasibility of the environmental relaxation 
model. 
A P P B N D I X 
1 a.5 
A. Calculation of Viscosity 
The frictional force, f resisting the relative motion 
of two layers is proportional to the area of interface bet-
ween them, S and also to the velocity gradient, ^  between 
the two layers, i.e. 
or .f=>lS(g) 
whereV| i s the proportionality constant and i s known as the 
coefficient of viscosi ty. Hence 
I - S Mv^  
dr f/S or force/unit area is called as shear stress and T— is 
the rate of shear. From the above expression it is clear 
that the unit of viscosity is g/cm/sec and is denoted by 
'poise'. 
For the flow of homogeneous liquid through a capillary 
tube, the viscosity of the liquid according to the Po i seu i l l ' s 
equation i s given as 
Yi - TLlzll ^ 1 /dr^ 
\~ 8L V ~ S Mv' 
where t is the time of flow of the liquid of volume V through 
a capillary of length L and radius r and P is the pressure 
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under the influence of which the liquid moves. Here P is 
the hydrostatic pressure and is given by h f g where h is 
the height of the liquid column in the viscometer,f is the 
density, and g is the acceleration due to gravity. Hence 
-n _ TThfgrlt _ pg^ 
C ~ 8LV - r^t 
in which B = -^^~-, and is known as the viscometer constant, 
For liquids 1 and 2, 
or 
\ = (fit^/^t2)>l2 O ) 
Therefore using the ahove expression (1) the visco-
sity of the test liquid, 1 can be measured with respect 
to the reference liquid, 2. 
B, Calculation of Equivalent Conductance 
From specific conductance k, equivalent weight e, 
and density p', the equivalent conductance A , was calculated 
using the equation 
A = ^ = kV^ (2) 
where V is the equivalent volume of the molten salt in ml. 
For the mixtures of molten salts 
A = ^ (3) 
IS? 
where e is the mean equivalent weight calculated from the 
equation 
e = f^ e^  + fgCg (4) 
where f., fj are the equivalent fractions and e., e^ are the 
equivalent weights of components 1 and 2, respectively, 
G. Calculation of Activation Energy 
(i) From Free Volume Model 
The Arrhenius equation can be written as 
Y (5zJ,A) = Ay exp [ - Ey/RT] 
or In Y = In A^ - Ey/RT (5) 
on differentiation with respect to inverse of temperature, 
The free volume model equation for fluidity, ^ and equiva-
lent conductance,.A is given as 
Y {^,A ) = AyT-^2 g^p [_ky/(T-T^)] 
or In Y = In Ay - -^  In T - ky/(T-T.^) (7) 
Comparing equations (6) and (8) 
Ey = R[ky/(T-T^)2 - 1/2TJ T^ (9) 
198 
The corrected a c t i v a t i o n energy may be wr i t t en as 
E = K, + SI = Rk [T/CT-T ) 1 ^ (10) 
corr I 2 y L 0"^ ] 
( i i ) From Configurat ional Entropy Model 
The equation based on t h i s model can be wr i t t en 
as 
lnY(5z(,A) = lnA2y - la^^/TlniT/l!^) (11) 
Therefore, 
d f w = -''ZY [(' ^ ^'^W-io^) / ( l n ( T / T „ ) ) 2 ] (12) 
Comparing equation (12) with equation ( 6 ) , we obta in 
Ey = Rk2y[(l + ln(T/T^)j / ( l n ( T / T ^ ) ) 2 ] (13) 
At T/T = constant , c, equation (11) may become on 
d i f f e r e n t i a t i o n with T~^  
dlnY _ , 
dC1/T) " • • 2Y/lnc ( U ) 
Therefore, By at constant T/T = c may be wr i t t en as 
Ey = Rk2Y/ln(T/T^) (15) 
(iii) Calculation of Apparent .Activation Energy 
from EBM Equation 
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